Regulatory T cells (T reg cells) are characterized by their suppressive function and inability to produce effector cytokines after activation 1 . Expression of the X-linked forkhead transcription factor Foxp3 has been linked to the establishment and maintenance of the identity and suppressor function of the T reg cell lineage [2] [3] [4] [5] [6] [7] . Moreover, Foxp3 is also associated with the control of effector T cell (T eff cell) function in T reg cells 4, 5 . A growing body of evidence has indicated plasticity among committed CD4 + T cell lineages, including T reg cells [8] [9] [10] [11] , yet the mechanism of this plasticity and its importance in normal immune responses and disease states remain to be elucidated.
Regulatory T cells (T reg cells) are characterized by their suppressive function and inability to produce effector cytokines after activation 1 . Expression of the X-linked forkhead transcription factor Foxp3 has been linked to the establishment and maintenance of the identity and suppressor function of the T reg cell lineage [2] [3] [4] [5] [6] [7] . Moreover, Foxp3 is also associated with the control of effector T cell (T eff cell) function in T reg cells 4, 5 . A growing body of evidence has indicated plasticity among committed CD4 + T cell lineages, including T reg cells [8] [9] [10] [11] , yet the mechanism of this plasticity and its importance in normal immune responses and disease states remain to be elucidated.
Many transgenic reporter mouse models have demonstrated that loss of Foxp3 can induce the conversion of T reg cells into cells with a variety of T eff cell programs [2] [3] [4] 12 . Although T reg cells are reprogrammed by loss of the lineage-associated transcription factor Foxp3, there is no evidence that conventional T cells (T conv cells) actively suppress the T reg cell lineage program. In contrast, only stable expression of Foxp3 in T conv cells seems able to induce a T reg cell phenotype in these cells 7 . Together these findings suggest that T eff cell programs are the default state in CD4 + T cells and that transcriptional programs induced and maintained by Foxp3 over-rule T eff cell function in T reg cells 5 . Whether the inhibition of T eff cell differentiation in T reg cells is critical for the suppressive function of T reg cells is unclear. Such a model would be supported by evidence showing the existence of Foxp3-induced mechanisms that continuously and actively control T eff cell programs in these specialized T cells.
Consistent with the active suppression of T eff cell programs in T reg cells, ablation of the transcriptional repressor Eos 13 or the Foxo transcription factors 14, 15 imparts partial T eff cell characteristics to T reg cells. Other transcription factors, including IRF4 (ref. 16 ) and STAT3 (ref. 17) , have been linked to the modulation of effector cell differentiation by T reg cells 18 . There is evidence that epigenetic control, as well as microRNA (miRNA), is important for Foxp3-mediated suppressive functions 16, [19] [20] [21] [22] [23] , which raises the possibility that epigenetic and post-transcriptional regulation may also be involved in the repression of T eff cell functions in T reg cells. These findings support the proposal of the existence of active regulatory mechanisms that enable committed T reg cells to suppress their differentiation into T eff cells 24 .
In this report, we specifically searched for genes repressed by Foxp3 in T reg cells that might be central to maintaining regulatory function and the suppression of T eff cell function in T reg cells. We identified the gene encoding the genome organizer SATB1 among the genes most repressed in human and mouse T reg cells. SATB1 is a chromatin organizer and transcription factor essential for the control of a large number of genes that participate in T cell development and activation 25 . SATB1 regulates gene expression by directly recruiting chromatin-modifying factors to the loci of its target genes, which are tethered to the SATB1 regulatory network via specialized genomic sequences called 'base-unpairing regions' [26] [27] [28] . In mouse T helper type 2 (T H 2) clones, SATB1 has been shown to function as a global transcriptional regulator that specifically anchors the looped topology of the locus encoding T H 2 cytokines, a prerequisite for the induction of T H 2 cytokines 29 . As SATB1-deficient thymocytes do not develop beyond the double-positive (CD4 + CD8 + ) stage 25, 26 , the role of SATB1 in peripheral T cells, particularly in T reg cells, has remained elusive. Here we found that repression of SATB1 in T reg cells was mediated directly by transcriptional control of Foxp3 at the SATB1 locus, through maintenance of a repressive chromatin state at this locus, and indirectly by Foxp3-dependent miRNAs. Release of SATB1 from Foxp3 control was sufficient to reprogram natural Foxp3 + T reg cells into T eff cells that lost suppressive function and gained T eff cell function. Our findings show that control of SATB1 by Foxp3 is an essential and critical mechanism that maintains T reg cell functionality.
RESULTS

Low expression of SATB1 in human T reg cells
To identify regulatory circuits actively suppressed by Foxp3 as a prerequisite for T reg cell function and inhibition of T eff cell programs, we did whole-transcriptome analysis of human resting or activated T conv cells and natural T reg cells ( Supplementary Fig. 1 and Supplementary Table 1) . We identified SATB1 as one of 22 genes with significantly lower expression in T reg cells than in T conv cells (Fig. 1a) . Reassessment of transcriptome data from published reports [30] [31] [32] confirmed our observation that SATB1 was a potential target of Foxp3-mediated repression. 
A r t i c l e s
We confirmed the transcriptome data in an independent set of samples by quantitative RT-PCR (Fig. 1b) , immunoblot analysis ( Fig. 1c) and single-cell analysis by flow cytometry (Fig. 1d) ; this demonstrated lower SATB1 expression in human T reg cells. As higher SATB1 expression has been linked to the activation of T cell populations 29, 33 , we assessed the dynamics of the expression of SATB1 protein in T conv cells and T reg cells during activation via stimulation of the T cell antigen receptor (TCR) in the presence of costimulation or interleukin 2 (IL-2; Fig. 1e ), as well as mitogens (data not shown). Analysis of SATB1 expression demonstrated stimulation-dependent upregulation of SATB1 in T conv cells, whereas resting T reg cells had significantly lower SATB1 expression than T conv cells had, and this expression was upregulated only modestly after T cell activation. Next we assessed SATB1 in induced T reg cells (iT reg cells) 34 . These cells expressed Foxp3 mRNA and protein and had T cell suppressive function (data not shown). Similar to natural T reg cells, iT reg cells did not show induction of SATB1, whereas cells stimulated via TCR and CD28 showed significantly enhanced expression (Fig. 1f,g) . Moreover, the production of T H 1 and T H 2 cytokines was significantly abrogated in the absence of SATB1 (Fig. 1h) . To determine whether Foxp3 induction in iT reg cells was necessary to suppress SATB1, we did gain-offunction experiments using T conv cells with ectopic overexpression of Foxp3. High expression of Foxp3 resulted in lower expression of SATB1 (Fig. 1i) , accompanied by concomitantly lower cytokine expression (Fig. 1j) and the induction of a T reg cell gene signature (Supplementary Fig. 2 ). Lower Foxp3 expression did not result in substantial repression of SATB1 or induction of a T reg cell gene signature (data not shown). Thus, lower SATB1 expression is a hallmark of both iT reg cells and T reg cells in humans, and repression of SATB1 depends on sufficiently high expression of Foxp3. Fig. 3 ) and, consequently, loss of suppressive function in T reg cells (Fig. 2a,b) . Slightly but significantly higher SATB1 expression was evident in unstimulated human T reg cells depleted of Foxp3 (Fig. 2c) ; however, this was significantly enhanced in T reg cells stimulated via the TCR together with costimulation or IL-2. This higher SATB1 expression was associated with the production of T H 1 cytokines (interferon-γ (IFN-γ)) and T H 2 cytokines (IL-4 and IL-5; Fig. 2d,e) . As this effect could have been a direct effect of Foxp3 on the cytokine-encoding genes themselves, we developed a strategy to knock down SATB1 and Foxp3 simultaneously in human T reg cells. Additional knockdown of SATB1 in human T reg with a silenced Foxp3 gene ( Supplementary  Fig. 4 ) resulted in significantly less induction of helper T cell cytokines (Fig. 2f) , which demonstrated that the expression of T eff cell cytokines in Foxp3-deficient T reg cells was governed by SATB1. We obtained similar results when we transduced expanded human T reg cell populations with lentivirus encoding miRNA targeting Foxp3 and SATB1 for RNA-mediated interference (Supplementary Fig. 5 ). Together these findings establish that Foxp3 negatively regulates SATB1 expression and that lower SATB1 expression is needed to prevent expression of T eff cell cytokines in human T reg cells, which therefore assigns a key function of Foxp3-SATB1 interaction to the T reg cell phenotype. naive T conv cells to assess whether SATB1 downregulation in T conv cells allowed higher Foxp3 expression and the conversion of T conv cells into T reg cells (Supplementary Fig. 6a ). We did not observe higher Foxp3 expression in resting or stimulated naive T conv cells after silencing of SATB1, even in iT reg cell-inducing conditions ( Supplementary Fig. 6b ). These results suggest that SATB1 is not necessary for low expression of Foxp3 in resting T conv cells and that Foxp3 induction in naive T conv cells after stimulation occurs independently of SATB1. In line with that finding, we did not observe induction of several T reg cell-associated genes after knockdown of SATB1 ( Supplementary Fig. 6c ).
SATB1 expression in mouse T reg cells
To address whether regulation of the gene encoding SATB1 is conserved in human and mouse T reg cells, we analyzed SATB1 expression by quantitative PCR, immunoblot analysis, flow cytometry and confocal microscopy in T cells derived from two different Foxp3 reporter mice (DEREG mice (which express green fluorescent protein (GFP) under control of the Foxp3 promoter) 35 and Foxp3-GFP-Cre mice 21 ). Similar to their expression in human T reg cells, expression of SATB1 mRNA and protein was lower in mouse T reg cells than in T conv cells isolated from thymus, spleen or lymph nodes ( Fig. 3a-c and data not shown). SATB1 expression was much higher in CD4 + single-positive thymocytes than in peripheral CD4 + T conv cells from the spleen or lymph nodes (data not shown), which further supported the idea of an essential role for SATB1 during early thymocyte development, as established in mice completely deficient in SATB1 (Satb1 −/− mice) 25 .
Despite that, thymic Foxp3 + T reg cells still had substantial downregulation of SATB1 relative to its expression in Foxp3 − cells.
To establish Satb1 as a target of Foxp3, we analyzed T reg cells from male DEREG mice with a spontaneously mutated Foxp3 allele (DEREG × scurfy mice). Flow cytometry-sorted T reg cells from these mice had significantly higher SATB1 expression in T reg cells than Foxp3-sufficient T reg cells had (Fig. 3d) . In line with that finding, we found more T H 1 and T H 2 cytokines in vivo in T reg cells from DEREG × scurfy mice (Fig. 3e) . We further confirmed the difference in SATB1 mRNA expression in Foxp3-sufficient versus FOXP3-deficient T reg cells by reassessing two transcriptome data sets derived from mice with a mutated Foxp3 gene in T reg cells 5, 36 (Gene Expression Omnibus accession codes GSE6681 and GSE11775; data not shown).
Female heterozygous DEREG × scurfy mice have both GFP + Foxp3-sufficient and GFP + Foxp3-deficient T reg cells. Side-by-side comparison of these cells by immunofluorescence demonstrated a cell-intrinsic function for Foxp3 in the repression of SATB1 (Fig. 3f) . Similar to published reports 26 , we observed nuclear localization of SATB1 in Foxp3 − thymocytes in which SATB1 formed a cage-like structure (Fig. 3c) . The finding of more SATB1 in Foxp3-deficient T reg cells with unchanged localization and distribution further supported the proposal that SATB1 expression was regulated by Foxp3 (Fig. 3f) . We further quantified the upregulation of SATB1 in GFP + Foxp3 − T reg cells by intracellular flow cytometry (Fig. 3g) . Overall, these data established higher expression of SATB1 mRNA and protein as a consequence of Foxp3 deficiency in T reg cells. 
A r t i c l e s
Binding of Foxp3 to the SATB1 locus in human T reg cells The inverse correlation between Foxp3 expression and SATB1 expression in mouse and human T reg cells suggested that Foxp3 might act directly as a transcriptional repressor of the SATB1 locus. We did chromatin immunoprecipitation (ChIP) tiling arrays and promoter arrays of Foxp3 using chromatin isolated from human natural T reg cells ( Fig. 4a and Supplementary Fig. 7a ) as well as bioinformatics in silico prediction to identify 16 regions for confirmation by quantitative PCR. The Foxp3-binding regions identified were located upstream of the transcriptional start site as well as in the genomic locus of SATB1 (Fig. 4b and Supplementary Table 2) . We demonstrated binding of Foxp3 to the promoter region or genomic locus of SATB1 in T reg cells by ChIP-coupled quantitative PCR (Fig. 4c) and electrophoretic mobility-shift assays (data not shown), which showed binding to the SATB1 locus similar to that of known targets of Foxp3 (Supplementary Fig. 7b-f) . To probe the functional consequences of the binding of Foxp3 to the SATB1 locus, we did luciferase reporter assays for six of the Foxp3-binding regions. We cloned these Foxp3-binding regions before a minimal promoter containing a TATA box promoter element and a luciferase reporter gene with low basal activity, which allows sensitive measurement of response-element activity 37 . Cotransfection of those reporter constructs plus a human Foxp3 expression vector led to significantly less activity for four of the regions with more than one Foxp3-binding motif (Fig. 4d) . Mutation of the predicted Foxp3-binding motifs in these regions restored the luciferase activity (Fig. 4d) , which indicated that SATB1 expression was actively repressed by the binding of Foxp3 to several regions in the genomic SATB1 locus. We derived further support for the idea of Foxp3 binding from in vitro DNA-protein-interaction analysis of the binding of recombinant Foxp3 protein to either wild-type or mutated Foxp3-binding motifs; the Foxp3-binding regions BR9 and BR10 demonstrated strong binding of Foxp3 only to the wild-type sequences, whereas the mutated motifs showed almost no interaction with Foxp3 (Fig. 4e) . Together these data establish Foxp3 as an important repressor that directly binds to the SATB1 locus in T reg cells and prevents SATB1 transcription.
Ectopic SATB1 reprograms human T reg cells into T eff cells in vitro
To determine whether lower SATB1 expression was required for T reg cells to exert regulatory function, we overexpressed SATB1 in human natural CD4 + CD25 hi Foxp3 + T reg cells through the use of a lentiviral vector carrying the SATB1 full-length transcript ( Supplementary  Fig. 8 ). We stimulated human T reg cells or T conv cells for 24 h with beads coated with antibody to CD3 (anti-CD3) and anti-CD28 in the presence of IL-2. After stimulating the T reg cells, we transduced them with lentivirus containing a plasmid that expresses the red fluorescent protein DsRED and SATB1 at a ratio of 1:1 (ref. 38) or with a control virus containing a plasmid that expresses only DsRED. We expanded cell populations and then sorted DsRED + cells. We used only transduced cells with very similar expression of Foxp3 and DsRED for further analysis (Supplementary Fig. 8a ). In contrast to control virus-transduced T reg cells, Foxp3 + T reg cells overexpressing SATB1 lost their suppressive function ( Fig. 5a and Supplementary Fig. 8b,c) . At the same time, these cells gained expression of the T H 1 cytokine IFN-γ, the T H 2 cytokine IL-4 and the IL-17-producing helper T cell (T H 17 cell) cytokine IL-17A (Fig. 5b-e) , which suggested reprogramming of T reg cells into T eff cells in the presence of abundant SATB1 despite their similar Foxp3 expression. As expected, T conv cells transduced with SATB1 by the same approach had no suppressive function (Supplementary Fig. 9 ). These data support the proposal that ectopic expression of SATB1 in T reg cells is sufficient to convert the Foxp3-mediated program into T eff cell programs.
High SATB1 expression induces transcriptional T eff cell programs
To estimate the genome-wide reprogramming in T reg cells overexpressing SATB1, we did whole-transcriptome analysis. Using stringent filter criteria, we found a total of 100 genes with much higher expression in SATB1-expressing T reg cells, whereas 21 had CCL5  CCL1  CCL20  CSF2  ICOS  IFNG  IL10  IL17F  IL23A  IL7R  S1PR1  SOCS1  CCL22  IL12RB2  STAT6  TNF   CCL5  CCR2  GATA3  GFI1  ICOS  IL1R2  IL4  IL5  IL5  IL10  IL13  MAF  NFATC2IP  NFATC3  NFATC3  BCL6  STAT6   CCR2  CD40LG  CSF2  HAVCR2  IFNG  IL18  IL2RA  SOCS1  STAT4  IL12RB2  IRF1  STAT1  STAT1 TNF A r t i c l e s lower expression (Fig. 6a) . Analysis of the genes with differences in expression showed that 20% were associated with higher expression in T conv cells (relative to their expression in T reg cells), 29% of the 'changed' genes were linked mainly with T cell activation and we classified 16% as common T cell genes; the remaining genes (35%) showed no known association with T cell function or lineage, and we classified these as SATB1-induced genes (Fig. 6b) . Furthermore, compilation of lists of genes associated with T H 1, T H 2 and T H 17 differentiation showed the induction of many genes involved in T eff cell differentiation in SATB1-expressing T reg cells (Fig. 6c) . In contrast, genes representing the human T reg cell gene signature were unchanged in SATB1-expressing T reg cells (Fig. 6d) . Because we used polyclonal human T reg cells for this analysis, it was not unexpected that we found the three main T cell-differentiation programs simultaneously. In summary, low SATB1 expression in T reg cells was necessary to permit suppressive function and to ensure inhibition of the effector cell differentiation of T reg cells.
Epigenetic regulation of SATB1 transcription in T reg cells
The strong dependence of T reg cell function on the repression of SATB1 indicated the involvement of additional regulatory mechanisms. When assessing DNA methylation, we identified three CpG dinucleotide-rich sites upstream of exon 1 of the SATB1 locus (Supplementary Fig. 10 ). However, in contrast to the Foxp3 locus itself 22 (Supplementary Fig. 10a ), the SATB1 locus was similarly demethylated in T reg cells and T conv cells (Supplementary Fig. 10b) , which suggested that DNA methylation does not have a regulatory role at the SATB1 locus in T reg cells.
Next we examined the chromatin status of the SATB1 locus by analyzing permissive and repressive histone modifications. ChIPquantitative PCR of expanded human T reg cell populations showed a lower abundance of permissive trimethylation of histone H3 at Lys4 (Supplementary Fig. 11a ) and a greater abundance of repressive trimethylation of histone H3 at Lys27 ( Supplementary  Fig. 11b ) in human T reg cells than in T conv cells, as well as less acetylation of histone H4 (Supplementary Fig. 11c ). By assessing a publicly available data set for mouse T reg cells 39 , we established the presence of similar histone marks at the mouse Satb1 locus (Supplementary Fig. 12) , which suggested that a conserved regulatory circuit exists that contributes to the lower expression of SATB1 in T reg cells by inducing repressive epigenetic marks at the locus encoding SATB1. 
A r t i c l e s
MicroRNAs regulate SATB1 in T reg cells A prominent layer of post-transcriptional gene regulation is exerted by miRNAs. Profiling of miRNA in human T reg cells and T conv cells allowed us to identify several miRNAs with differences in expression in T reg cells (data not shown). Using inverse correlation analysis of the expression of SATB1 and miRNAs, as well as computational prediction of the binding of miRNA to 'seed-matched' sites (in which only miRNAs matching the canonical sequence of seven to eight nucleotides were used, whereas miRNAs matching marginal sites of six nucleotides were not analyzed as they typically have lower efficacy; Fig. 7a ), we identified five miRNAs with differences in expression in T reg cells versus T conv cells (Fig. 7b) that showed a substantial inverse correlation between SATB1 expression and miRNA expression (Fig. 7c) (Fig. 7d,e and Supplementary Fig. 13 ), as well as functional analysis (S.C.B., unpublished data). Assessment of miRNA expression in T conv cells overexpressing Foxp3 and in T reg cells transfected with siRNA targeting Foxp3 confirmed these miRNAs as targets of Foxp3 (Supplementary Fig. 14) . To assess functionally relevant binding of the miRNAs to the 3′ untranslated region (UTR) of SATB1 mRNA, we fused the SATB1 3′ UTR to a luciferase reporter gene and measured luciferase activity in cells transfected with synthetic miRNAs. Expression of any of the five miRNAs resulted in significant repression of constitutive luciferase activity, with the three miRNAs that were direct targets of Foxp3 showing the greatest effect (Fig. 7f) . Mutation of the respective binding motifs resulted in restoration of luciferase activity (Fig. 7f) . As exemplified for miR-155, loss of function of a single miRNA only resulted in minor differences in SATB1 mRNA expression in primary human T reg cells (Supplementary Fig. 15a ), which indicated that the loss of a single miRNA may be unable to restore SATB1 expression. Complete loss of all miRNAs, however, as achieved in mice by T reg cell-specific deletion of the gene encoding Dicer1 (ref. 21) , an endoribonuclease involved in miRNA biogenesis, led to upregulation of SATB1 at the level of both mRNA and protein ( Fig. 7g and Supplementary Fig. 15b ). These results suggest that Foxp3 is able to confer T reg cell-specific downregulation of SATB1 expression not only by directly binding to the locus encoding SATB1 but also by inducing a second layer of regulation consisting of miRNAs.
Abundant SATB1 expression results in lower T reg cell function
To assess whether SATB1 expression results in diminished regulatory function of mouse T reg cells in vitro and in vivo, we overexpressed SATB1 in mouse CD4 + Foxp3 + T reg cells from DEREG mice through the use of a lentivirus encoding the full-length transcript of Satb1 (Supplementary Fig. 16 ). We sorted CD4 + Foxp3 + T reg cells from DEREG mice and expanded the cell populations for 10-14 d with beads coated with anti-CD3 and anti-CD28 in the presence of IL-2. After that initial expansion period, we transduced the expanded T reg cell populations with lentivirus containing a plasmid encoding SATB1, an internal ribosomal entry site and the alloantigen Thy-1.1 or control lentivirus containing a plasmid encoding Thy-1. A Fig. 16a) . In contrast to control lentivirus-transduced T reg cells, Foxp3 + T reg cells overexpressing SATB1 showed loss of suppressive function and acquisition of the expression of the effector cytokines IFN-γ (T H 1) and IL-5 (T H 2; Fig. 8a,b and Supplementary Fig. 16b-f) , which supported the idea of the reprogramming of T reg cells into T eff cells in the presence of high SATB1 expression.
To assess in vivo suppressor capacity of the manipulated T reg cells, we transferred control T reg cells or SATB1-overexpressing T reg cells together with naive CD4 + CD45RB hi T cells (isolated from normal mice) into recipient mice deficient in recombination-activating gene 2 (Rag2 −/− mice). Transfer of naive CD4 + CD45RB hi T cells alone led to the development of colitis (Fig. 8c-e) . As expected, Rag2 −/− mice that received naive CD4 + CD45RB hi T cells and control T reg cells did not develop colitis-associated pathology (Fig. 8c-e) , whereas mice that received only naive CD4 + CD45RB hi cells had colonic infiltrates and weight loss. Transfer of SATB1-overexpressing T reg cells together with naive CD4 + CD45RB hi T cells resulted in colitis-associated pathology ( Fig. 8c-e) , which suggested impairment of the suppressor function of SATB1-overexpressing T reg cells with a concomitant gain of effector function. We observed significant expansion of the number of T conv cells in spleen, mesenteric and peripheral lymph nodes of mice that received either no T reg cells or SATB1-overexpressing T reg cells (Fig. 8f) , whereas the number of cells that maintained Foxp3 expression in spleen, mesenteric and peripheral lymph nodes was equal in mice that received control or SATB1-overexpressing T reg cells (Fig. 8g) . Thus, Foxp3 + T reg cells with high expression of SATB1 showed less suppressor function with a concomitant gain of T eff cell programs in vivo and in vitro, which suggested that downregulation of SATB1 in T reg cells was necessary for the maintenance of a stable suppressive phenotype (Supplementary Fig. 17 ).
DISCUSSION
For T reg cells, many mechanisms have been linked to their suppressive function after contact with other effector cells of the immune response 1 . However, intrinsic inhibition of T eff cell function mainly by Foxp3-induced mechanisms seems to be necessary for T reg cells to exert suppressive function. In this report we have shown that repression of SATB1 in T reg cells was required for the suppressive function and inhibition of effector differentiation of these cells. As upregulation of SATB1 was required for the induction of T eff cell cytokines in T conv cells the profound lack of upregulation of SATB1 after stimulation of T reg cells suggested that Foxp3-mediated suppression of SATB1 has an important role in inhibiting cytokine production in T reg cells. In support of that proposal, high ectopic expression of SATB1 in T reg cells led to the induction of T eff cell cytokines and loss of suppressive function despite the expression of Foxp3 in vitro and in vivo. Mechanistically, SATB1 expression was controlled directly by Foxp3-mediated transcriptional repression and histone modification, as well as by induction of the binding of miRNA to the 3′ UTR of SATB1. Together these findings establish that the continuous active repression of central mechanisms involved in T eff cell programs provided by SATB1 is necessary for T reg cells to exert their suppressive function.
Thus, a major finding of our study is that T reg cells depended not only on the induction of Foxp3-mediated genes associated with suppressive function but also on the specific repression of molecules such as SATB1 to prevent T eff cell function. Low SATB1 expression seems to be necessary for retention of functional T cell integrity not only in T conv cells but also in T reg cells, as mice completely deficient in SATB1 are basically devoid of T cells in the periphery 25 . Although Foxp3 dictates the repression of SATB1 in T reg cells, thereby preventing T eff cell function, we have no evidence so far for inverse control of Foxp3 by SATB1 in T conv cells; together these findings favor a model in which T eff cell programs are continually and actively over-ruled by Foxp3-mediated transcriptional repression in T reg cells.
Further evidence for such a model has been provided by studies elucidating the effect of the transcriptional repressor Eos on T reg cells 13 . Eos directly interacts with Foxp3 to specifically induce chromatin modifications that result in gene silencing, whereas genes induced by Foxp3 are not affected. Notably, loss of Eos abrogates suppressive T reg cell function but only partially endows T reg cells with T eff cell functions, consistent with the normal repression of T eff cell differentiation in T reg cells. Similarly, loss of Runx1-CBFβ heterodimers, another component of the multiprotein complex that contains Foxp3, in T reg cells leads to lower Foxp3 expression, loss of suppressor function and gain of IL-4 expression by T reg cells 43, 44 . Foxp3, as well as Eos and Runx1-CBFβ heterodimers, have been shown to directly repress certain effector cytokines, such as IFN-γ or IL-4, which suggests that T reg cells may use multiple mechanisms to suppress T eff cell programs 13, 18, 43 . Nevertheless, ectopic expression of SATB1 in T reg cells was sufficient to induce effector cytokines, which suggests that large amounts of SATB1 can overcome the repression of downstream targets by Foxp3. This might be similarly true in activated T conv cells that have lower expression of Foxp3 temporarily during early activation phases.
The transcription factors Foxo1 and Foxo3 have also been linked to the inhibition of T eff cell function in T reg cells 14 . Notably, lack of Foxo1 and Foxo3 in T reg cells is sufficient to induce T H 1 and T H 17 effector cytokines but not T H 2 cytokines, whereas SATB1 seems to have a more profound effect on T H 2 cytokines under certain conditions 29, 45 . Together these findings point to a hierarchy of repressive mechanisms that ensure suppression of T eff cell function in T reg cells. Our findings support a model of continuously active regulatory networks that shape the overall function of T cells in the periphery as an alternative to terminal differentiation. Active and continuous blockade of T eff cell function instead of terminal T reg cell differentiation allows T cells a greater degree of functional plasticity, such as under inflammatory conditions in which T reg cells can gain effector function once Foxp3 is switched off 24, [46] [47] [48] .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/. Accession codes. GEO: microarray data, GSE15390; tiling array data, GSE20995.
Note: Supplementary information is available on the Nature Immunology website.
